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SUMMARY 

pH-dependent reversible binding of lysosomal enzymes to membranes of Triton 
WR 1339-filled rat liver lysosomes indicates the presence of acidic groups on lysosomal 
membranes. Increasing tile ionic strength as well as addition of nonlysosomal proteins 
inhibit binding of enzymes at pH 4. 

Digestion of lysosomal membranes with proteases and phospholipase C has 
no effect on the reversibility of enzyme membrane binding. Only neuraminidase 
treatment oF lysosomal membranes significantly reduces the enzyme-membrane 
binding at pH 4 indicating that sialic acid is the main anionic group at this pH. 

Eleclron micrographs of colloidal iron-stained lysosomes show a preferential 
[ocaliz;ltion oF sialic acid on the inside of the lysosomal membrane. Neuraminidase- 
treated lysosomal membranes show no or considerably reduced iron staining. 

pH-dependent binding curves of lysosomal enzymes to a strong acid cation- 
exchanger (phosphocellulose) show a similar shape as those obtained with lysosomal 
membranes. The intralysosomal accumulation of nondiffusible anions might produce 
a Donnan equilibrium serving as an energy independent means to maintain an intra- 
Ivsosom~H acid milieu. 

INTRODUCTION 

The lysosomal membrane plays a key role in the lysosome concept as worked 
out by De Duve et al I. Rupture of this membrane renders lysosomes permeable to 
substrales and allows enzymes to leak out. Injuries can be caused by mechanic~d or 
osmotic means, repeated freezing-thawing, surface active detergents, thermal actiwl- 
tion and by low pH. These findings have led to the suggestion thai lysosomal enzymes 
are, atleast  in part. freely diffusible within lysosomes. Furthermore, the lysosome 
concept implies that intracellular digestion of pinocytized or autophagocytized 
malerial occurs within lysosomes requiring the Full catalytic activity of the hydrolases 
within lysosomes. The lysosomal membrane, therefore, protects intracellular com- 
pounds and structures from the attack of lysosomal enzymes. Since the lysosomal 
membrane is rather sensitive even within the living cell against reversible cell injuries, 
additional modes of protecting the cell from the attack of lysosomal enzymes are 
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required. -flits is achieved by tile acid pH opt imum of nlost of  lhe l \sosomal cnz> me,~ 
being far out of  lhe range of  normal intracellular pH. In consequence, lhe full inlra- 
lysosomal activity of  hydrolases requires ~.ln acid milieu within Ixsosomes. 

Tile pH within lysosomes has been postulated lo be acid Ide Du~e-~t. Be,~idc~ 
some rough estimations by' tile use of indicator dyes 34'e<~ tile inlralysosonml pH has 
been determined recently by Reijngoud and Tager 5. Thcse aulhors I'ound a pH tip 
io 1.5 unils lower/han ill lhe surrounding medium. 

Among tile iilechanisins cnaintairling all intralysosomal acid pH (o l te \  aild 
de Duve" discussed tile possibilit> Of,ill] inir4lysosonlal accunlulation of  nondiltu,,,iblc 
anions setting up a Donnan potential. Support  lk)r this hypothesis may be found il1 
tile description of  4 strongly acidic component  in I.~sosomes of  kidney by I)ingle and 
Barreli 7 as well as a report on lhe occurrence of  acidic lipoproteins b \  Gold,qonc 
uf a[. s ill lysosomes of  ral kidney and liver. Mego and associates <' have posiulaled an 
ATP-dependent  proton pump ill the Ivsosolnal membrane.  

Previous studies in lhis labol-ator} on the l 'ormation o1" secondar', I~so~oine> 
induced by the nonionic delergent Triton WR 1339 demonstrated the pinocblotic 
uptake of  this COlllpound 10"11. This method, inlroduced by Wattiaux ul al. 12. ailo\\> 
lhe isolation of  :.l pure fraction of  secondary: lysosomes meeting :`ill criteria required 
for tile characterization of  lysosomes \~ilh ils complete spectrunl o1" enzymes and tile 
latency o1" tile enzymatic aclivil>. 

Tile purity of  this lysosome l'raction prompted us to show tile presence e lan ionic  
charges bound to tile insoluble l'raction, lo describe their localization and their char- 
acterizat ion ill term s el" tile cllem ical st ruct tire. 

METHODS 

Triton WR 1339 filled lysosomes were prepared from li~ers fronl l r i l o n  WR 
1339 injected rats (96 h after injection, 17(1 mgi l00 g i':`~_t) by slight modilications ~3 
oI" tile method of Wattiaux lz. As silo,an by tile determination of marker e l l Z \ 1 1 1 e s  13 

allot cvlocllromes ~;z as well as by electron microscopy lr i losomes ~ele free of  comami-  
nat ing organelles. Elect ron m icrographs show no detectable contam inat ion \~ it h m itc> 
cllondria, endoplasmic reticulum and peroxisomes t l '3: .  Rat Ii',er plasma menlbranes 
4nd light mitochondrial fractions (750 12000 <t' for 10 rain sedinlcills) ','~ele prepared 
:`llld examined according to prex.iousl)described methods ~s't¢. Protein \\as deter- 
mined by the meihod of  Lowry ut al.  ~>. Tritium labelled Tli ton WR 1339 \xu~ kindl\ 
prepared by Prof. Dr G. St6cklin, Kerntorschungsanlage ,Itilich, German~. ubing the 
Wilzbach lechnique. 

Tile integrily of  the lysosomal nlcnlbrane ,:llld l]le binding of lysosomM enz'> nle> 
{acid phosphalase rind i/-glucuronidase) to tile sedimentable I'raction were deterinined 
by tile following three assays: 

{1) Tri tosomcs prepared from rais injecled wilb [SHJTrilon WR 1339 Ilola] 
activity injecled: 5.107 dpm,.'100 g rat) were incubated under conditions indicated in 
the figures and spun dOwll :.it 20 000 ,V ( 15 nlin). The released [S H ]Triton \\as nlcaSUl- 
ed in the supernalanl ,:_li-id given hi percenl of  tolal r~idioaclivJly. Prexious rcbulls lr~" i i 
indicaled that tile component  of  Triton WR 1339 taken up b',, pinocxlosi> has ~l 
molecular weight of  over 100000 and a diameler of  85 A Idetermined by eleclron 
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microscopy: see Discussion). Therefl)re, the [YH]Triton WR 1339 release allows a 
judgement on the integrity of the lysosomal membrane. 

(2) Determination of "'free" enzyme activity according to Appehnans and de 
Duve~(': After incubation of lysosomal preparations under conditions indicated in the 
legends of the figures "free" activity was measured in the presence of an osmoticalh,' 
protected buffer substrate mixture (0.25 M sucrose) by short term incubations to 
avoid thermal activation. Under these conditions the granules remain mostly intact 
and the enzymes enclosed in lysosomes are inactive. This assay covers both freelv 
dissolved enzymes and enzymes bound to injured lysosomes (ghosts) and therefore 
allows the estirnation of the integrity of the nlembrane. 

(3t Determination of the nonsedimentable enzyme activity: Alter preincubation 
lysosomes or phosphocellulose (used for model experiments to study the binding 
behaviour of/;-glucuronidase to a strong cation-exchanger) were spun down routinely' 
at 20000 <g (15 rain) and the enzyme activity was determined in the supernatant. 
No change of enzynle activity and radioactivity was found in the supernatant after 
high speed centrifugation (105000 ,~, 60 min). This procedure assays the enzyme 
binding to the insoluble fraction of the lysosomes. 

Total enzyme activities ( -100°0)  were determined in the presence of 0. t0.. 
Triton X 100. Total radioactivity was measured l'rom 0.1 ml aliquots after the addition 
of 0.5 ml of Soluene (Packard) in a toluene scintillator fluid. Acid phosphatase was 
assayed according to Linhardt and Walter 17 using p-nitrophenyl phosphate as sub- 
strafe and i/-glucuronidase according to Gianetto and De Duve ~s using p-nitrophenyl- 
i;-I)-glucopyranosiduronic acid. 

Enzy, mic digestion of lysosornal membranes (0.3 rng of protein per assay) was 
performed under the following conditions: Pronase (Serva, Heidelberg, Germany) 
I rag, 0.1 M Tris HCI buffer, pH 7.6; papain (Serva) 1 rag, Tris HCI buffer 0.1 M, 
pH 7.6, cvsteine 5 mM, EDTA 1 mM: trypsin (Difco, Nordwald KG, Hamburg) 
1 rag, 0.1 M Tris HClbuffer ,  pH 8.1, 10raM CaCI2: phospholipaseC(Clo.vtridium 
welchii, Calbiochem, Paesel KG, Frankfurt/Main) 0.2 mg, 0.1 M Tris HCI buffer, pH 
7.2: neuraminidase 50 units (Vibrio comma cholerae, Behringwerke, Marburg, Ger- 
many),0.1 Macerate  barbiturate buffer, pH6.5,  YmM CaCI2. The incubations were 
carried out in a total volurne of l.0 ml for 3.5 h at 37 C. Sialic acid was determined 
by the method of Warren 2~, 

Samples used for electron microscopy were light mitochondrial fi'actions from 
normal rat livers. Triton WR 1339 filled lysosomes prepared 10, 24 and 72 h after 
Triton injection and a "'heavy" lysosomal fraction filled with Triton WR 1339 (density 
1.12 1.16 g/ml contaminated with mitochondria) isolated l0 and 24 h after Triton 
injection as described earlier ~'*. Fixation was pert\)rmed with double-distilled glu- 
taraldehyde (6.25°0 in 0.1 M cacodylate HCI buffer, pH 7.2, 0.25 M sucrose). 
Staining ~x, ith colloidal iron (pH 1.7) of fixed suspensions of organelles t\)llowed the 
lnethod of G<tsic el al. ~'~. No osmium tetroxide was applied to these pellets because it 
mighl interfere with the staining reactionl'): aliquots t\~r normal morphology were 
studied with and without additional OsO 4 fixation. Samples were dehydrated with 
acetone and ernbedded in the araldite "Durcupan "'R ACM (Fluka, Buchs, Switzer- 
land). 

Ultrathin sections of silver interference colour from pellets stained with colloidal 
iron were investigated either uncontrasted or after contrasting for 3 h with 2".  uranyl 
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acetate in ethanol at 60 C (Locke and Krishnan2°). In addition sections from morpho- 
logical controls were alternatively stained also either with routine methods, i.u. 20 
rain with 7.5°o aqueous magnesium uranyl acetate lk)llowed by 10 min alkaline lead 
citrate (Venable and CoggeshalleS), or according to Ainsworth and Karno~skv -'~' 

The following controls were performed: (a) Digestion of unfixed aliquots ~xith 
neuraminidase (100 units/ml, Behringwerke, Marburg, Gel'many) under conditions 
described above (pH 6.5) l\fllowed by glutaraldehyde fix:.llion and exposure lo lhe 
colloidal iron solution. (b) The occurrence and distribution of electron dense matcrial 
in lysosomes without colloidal iron staining wlts cltrefully registered under t i l l  fixation 
and contrasting conditions used. Ferritin particles as a con]men constituent ,,H" lhe 
lysosomal matrix were ideniitied by comparing their endogenous electron scattering 
after glutaraldehyde lixation without section staining and after section staining ~ith 
alkaline bismuth tartraie (Ainsworih and Karnovsky2~'). 

All micrographs were taken from unsupported sections in a Siemens 
Elmiskop I electron microscope under identical operating conditions using 80 kV 
accelerating voltage, a 50un] selfcleaning "'French" objective aperture and an anti- 
contamination device cooled with liquid nitrogen. 

R E S U L T S  

Free and nonsedimentable activities of acid phosphatase and /;-glucuronidasc 
have been determined alter preincubalion at wlrious pH values of a light mitochon- 
di-ial fraction (crude, lysosome rich fraction) of normal rat liver. The results shox~n 
in Fig. I confirm well the early observations of Appelmans and de Duve it' in that the 
lysosomal membrane is pH sensitive and thai after injury of the n]embrane tile 
enzymes are released into the medium. In the case of acid phosphatase the difference 
between free and nonsedimentable activities is more distinct suggesting a stronger 
but pH independent binding to sedimentable structures. 

Incubation of pure Triton-filled lysosomes leads to opposing results with regard 
to the nonsedimentable activity. As Fig. 2 shows release of [SH]Triton WR 1339 and 
the free enzyme activities increase will] acidification, demonstrating again the pH 
sensitivity of the membrane whereas tile nonsedirnentable activities decrease with 
acidification. 

This pH-dependent binding to lysosomal "'ghosts" is due to ionic Ibrccs. The 
isoelectric points of acid phosphatase (pH 4.522) and ?'-glucuronidase (pH 5.F, 's) 
indicate that both enzymes tire positively charged at pH 4. The lysosomal membrane a~ 
binding counterpart should therel\~re be negatively charged tit this pH. 

The ionic nature of this binding of i#glucuronidase to lysosomal ghosts can be 
demonstrated by increasing the ionic strength tit pH 4. Fig. 3 shows the deFendence 
of binding of this enzyme to lysosomal membranes oil tile ionic strength increased by 
various salts tit pH 4. 

Addition of nonlysosomal proteins such as albumin or even other rill [i"vei sub- 
celluhu material inhibits binding of ?'-glucuronidase t i t  pH 4 as seen in Fig. 4. The 
albumin was dialyzed extensively to exclude the influences of ions. Mitochondria wcrc 
used to show the inlluence of contamination of lysosomal fractions with other sub- 
celluhu elements. This experiment demonstrates that data reported hitherto on the 
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Fig. I. Free and nonsedimentable activities of acid phosphatase  and/~-glucuronidase of a lysosome 
rich fraction of normal rat liver (light mitochondrial  fraction). Enzyme activities were determined 
as outlined under Methods after preincubation of 0.3 mg of protein in 1.0 ml 0.037 M acetate 
bull'er of desired pH (0.25 M sucrose) t\~r 30 rain at 37 C. • • ,  acid phosphatase:  - 
/ ;-ghlcuronidase: , "free" activity: - - , nonsedimentable activity. 

Fig. 2. Frec and nonsedimentable activities of  acid phosphatase  and /#g lucuron idase  of Triton WR 
1339 filled lysosome~, release of [all ]Triton WR 1339. Enzyme activities were determined after 
preincubation of 0.3 mg of protein in 1.0 ml 0.037 M acetate btlffer (0.25 M sucrose) of desired 
pH for 10 rain at 37 C. x × ,  release of [al l]Tri ton WR 1339 @ • acid phosphatase ;  

, fl-glucuronidase; , "'free" activity: - , nonsedimentable activity. 
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Fig. 3. lnltuence of ionic strength on the fl-glucuronidase binding to Triton WR 1339 filled 
lysosomes at pH 4. Nonsedimentable  activity was determined after incubation at pH 4 (0.037 M 
acetate buffer, 0.25 M sucrose, total vol. 1.0 ml) with increasing ionic strength (1) . . . . .  
Mg('le; - , MgSO~; • O, NaCI. 

Fig. 4. lnl luence of  nonlysosomal proteins on the fl-glucuronidase binding to Tr i ton WR 1339 
f i l led lysosomcs at pH 4. Nonsedirnentable act ivi ty was determined aftei incubat ion at pH 4 
(0.037 M acetate buffer, 0.25 M sucrose, total vol. 1.0 ml) with increasing amounts of  nonlyso- 
somal p r o t e i n . •  • , d i a l y z e d  bovine serum albumin:  - , rat liver mitochondria.  
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sedinlentabi l i ty  of  lysosomal  enzymes in lysosome rich but not , ,err pure l'laCtJons are 
quest ionable. 

Binding and release of t ; -glucuronidase 1o lysosonlal  nlenlbranes is rcversiblc. 
This allows the s ludy of  enzyme-binding  to lysosomal membranes  which have been 
t reated with various enzymes in order  to recognize the chenlical nature  of  the an- 
ionically charged molecules. Lysosonlat  membranes  were prepared by osmolysis  of 
isolated Tri ton-f i l led lysosonles with subsequent centr i l 'ugat ion (105000 ,~, 60 nlitl), 
The membranes  were separated l'rom the superna lan t  conta in ing [he lysosomal en- 
zymes and treated wilh exogenous hydrolyt ic  enzymes as indicated under Mell lods 
( trypsin.  papain,  pronasc,  phospfiol ipase C, neuraminidasc) .  After  die enzyme lrcat-  
nlent, the insoluble fraction was spun down (20000 ,,,,, 15 rain) and washed twice to 
rcmo~e renlnanls  of llle enzyme as well as of  1110 incubat ion nlediunl.  The washed 
lysosonlal  membrane  [faction was mixed with the equivalent  ~tnlount of the super-  
natant  conta in ing the original  lysosonlal  enzymes and adjusted to pH 4 tacetate  
buffer, final concentra t ion  0.012 M). After  short  term incubat ion (5 rain, roonl ten> 
perature} membranes  were spun down. 

The following controls  were performed.  The inlluence of  endogenous  lysosom~ll 
enzvnles possibly adherent  to the menlbrane  fraction was excluded by control  in- 
cubat ions  with lysosomal  membranes  which Ilad been t reated for 30 nlin in boil ing 
waler.  No effect on the reversible pH dependent  binding ofl / ;-glucuronid'ase to l \ so-  
son]al n lembranes  was found after this procedure.  The effecl seen after extensive 
neuran]inidase t reannet l t  (Table 1) was ascer tained by the use of heal t reated neura- 
111inidase (30 rain 100 C) which also had no effect on tile reversible enzynle n'lenlbrane 
binding (Table 11. 

Tile resulls shown in Table  I indicate thai  sialic acid residues apparen t ly  are the 
otllx impor tan t  anionical ly  charged groups on lysosomal  membranes  at pH 4. Tlli~ 
proper ty  of  lysosomal  membranes  seems to be specific since no pH-dependen!  binding 

T A B L E  1 

R E V E R S I B I L I T Y  OF E N Z Y M E  B I N D I N G  TO L Y S O S O M A L  M E M B R A N E S  AT pH 4 
A F T E R  D I G E S T I O N  OF M E M B R A N E S  WITH V A R I O U S  E N Z Y M E S  

Lysosonlal membranes prepared Ifor details sec text} and digested ,Aith enzymes hldicatcd in the 
table (0.3 mg membrane protein per assay). After digestion, membranes were spun down, washed 
and incubated with the appropriate ~JnloLlnt of lysosomal contents at pH 4 (0.012 M acetate buffer, 
5 rain, 22 C). After tcrmmating the incubation bycentr i fugat iontheenzynlcact iv i ty( /#g lucuroni -  
dasei bound to lysosomai membranes was determined in "0 of tou.d acti\.iW present pet- :>say. 

L V,'~[,~',Ottl[I/ tlldlll/}t'tltld~ 
d&,e.~ted ,'ilh 

Neuraminidase 66 

Heat inactiwited neuraminidasc 96 

Tr,, psin 97 

Papain 96 
lh-onasc 97 
Phospholil-mSe (" 97 

% ~*1 iJ-,~,,Imwro/;ida.w 
/)f l l l;ld I0  ;tl~'ltl/)l't;tl£'~ 
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of lysosomal enzymes by plasma membranes, mitochondria or microsomes could be 
observed. This point is stressed in more detail in the Discussion because of the im- 
portance of the plasma membrane bearing sialic acid oi l  the outside 24 with regard 
to the inside occurrence of sialic acid in lysosomes. 

Attempts were undertaken to localize tile sialic acid on the in- and/or outside of 
lvsosomal membranes. Determinations of the sialic acid concentrations (a) of un- 
treated lysosomal membranes (I 4.9 _+ 1.9 t¢.g/mg protein), (b) o[" lysosomal membranes 
prepared after neuraminidase treatment of lysosomes assumed to be mostly intact 
(digestion from outside) (9.8+5.0 ,ug/mg protein) and (c) of lysosomal membranes 
(7.8 + 1.1 /¢g/mg) treated with neuraminidase after disruption of lysosomes ldigestion 
from both sides) gave no conclusive results. Injury of lysosomes du,'ing neuraminidase 
treatment in experiment (b) (digestion from outside) could not be avoided (as deter- 
mined by the release of [3H]Triton WR 1339) and amounted to approximately 40°,, 
even in short term experiments at roonl temperature (30 rain. 22 C) .  

Unequivocal results were obtained by electron microscopy using tile colloidal 
iron staining technique according to Gasic el al. 1'~. Controls (Fig. 5) were analyzed 
in order to ascertain that tile staining reaction does not interfere with endogenous 
constituents: 50 A large particles with endogenous electron scattering are mostly 
associated with some amorphous matrix material of moderate electron density after 
standard fixation and section contrasting techniques. These particles are considered 
to represent ferritin (Ainsworth and Karnovsky2% which is frequently encountered in 
rat liver lysosomes (Novikoff27, Wattiaux el al. ix, Baudhuin el aLeS), because alkaline 
bismuth tartrate treatment enhances the diameter of these particles to about twice its 
original value due to staining of tile apoprotein shell. Ferriiin is only occasionally 
apposed close to the lysosomal membrane as can be seen in Fig. 5. 

These particles could be clearly differentiated from colloidal iron staining (Figs 
6 10). (1) The stain granules were rnostly coarser and irregular in appearance. (2) 
Their contrast was not erihanced by additional section staining. (3) They were pre- 
dominantly associated with the inside of the bounding membrane or with membrane 
fragments occurring within lysosomes (Figs 9, I0). (4) Further proof l\)r the spccilicity 
of the colloidal iron staining was provided by neuraminidase digestion, which strongly 
reduces or eliminates the colloidal iron staining (Fig. 7 i'er.vu.v Fig. 8). 

Normal rat liver lysosomes as well as Triton WR 1339 filled lysosomes from all 
phases investigated stained with colloidal iron. In many cases the staining was 
localized predominantly on the inner side o f l h e  bounding membrane (Figs 9. 10). 
An outside localization of tile stain was never seen. Staining throughout the thickness 
of the menlbrane was observed sc)metimes: in these cases, however, mcmbrane tilting 
within the section could not be ruled out. The lysosonlal matrix did not stain. Mito- 
chondria, present in light mitocllondrial fractions of normal rat liver as well as in 
"'heavy" Triton WR 1339 filled lysosomal fractions remained delinitively unreactive 
(Fig. 6). 

Based on these results the inner side of lysosomal  membranes may be regarded 
to behave like a cationic exchanger. This can be mimicked by the adsorption of i;- 
glucuronidase to a strong cationic exchanger (phosphocellulose). Lysosomal contents 
were prepared, adjusted to the desired pH with acetate buffer (final concentration 
0.012 Mt and incubated with phosphocellulose (I mg per assay, 5 mira 22 C). 
The nonsedimentable activity of" l:/-glucuronidase was determined after centrifugation 
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of  the ion exchanger. Fig. 11 a shows the binding curve of/4-glucuronidase being pH 
dependent in a similar manner as seen in Fig. 2 which was obtained with lysosomal 
membranes. Fig. 11 b demonstrates the influence of the ionic strength on the binding 
a t  pH 4 to the ion exchanger indicating :.tgLtin the similarity of this model system with 
t h e  l y s o s o m a l  m e m b r a n e .  

% 

% 
c~ 

Ck 

a) b) 

I 

i 
L ; 6 d2 M 

pH NeCI 

Fig. 11. Influence of  pH and ionic s t rength  on the b inding o f / # g l u c u r o n i d a s e  to phosphoce l lu lose .  
(a) De te rmina t ion  o f  the nonsed imen tab l e  activity o f  f l -g lucuronidase  after incubat ion  o f  lysosomal  
con ten t s  (0.3 mg protein,  0.037 M acetate  buffer o f  desired pH,  5 rain, 22 C) with 1 n l g o f p h o s -  
phoccllulose.  (b) De te rmina t ion  of  the  nonsed imen tab l e  activity o f / ] -g lucuron idase  after  incuba t ion  
o f  lysosomal  con ten t s  (condi t ions  as under  a) at pH 4 \~ith I m g  of  phosphoce l lu lose  with increas- 
ing NaCI concen t ra t ions .  

D I S C U S S I O N  

The pH-dependent, unspecific and reversible binding of proteins with an iso- 
electric point around pH 5 to purified lysosomal membranes demonstrates the pre- 
sence of acidic groups on this type of membranes. Because extensive neuraminidase 

Fig. 5. Electron mic rograph  of  Tr i ton  W R  1339 filled lysosomes  (control) .  Conven t iona l  t ixation 
with g lu ta ra ldehyde  and  osmiunn te t roxide followed by section s ta in ing with m a g n e s i m n  uranyl  
aceta te  and  lead citrate. No  colloidal iron s ta ining.  Ferrit in granule~ (arrows)  occur  main ly  in 
e lectron dense zones  of  the matr ix  but are occasional ly associated with the lysosomal  m e m b r a n e .  
(50000 x ). 

Fig. 6. Light mi tochondr ia l  fract ion o f  no rma l  rat liver s ta ined with colloidal iron. G lu t a r a ldehyde  
f ixat ion,  section cont ras ted  with hot  uranyl  acetate  in e thanol .  Deposi ts  of  colloidal iron occur  
exclusively within lysosomes  mainly  a long the reside of  their bound ing  m e m b r a n e  (arrows) .  
Mi tochondr i a  remain  unlabel!ed. (64000 x ). 

Fig. 7. Tr i ton  W R  1339 tilled lysosomes.  Prepara t ion  as ira Fig. 6. N u m e r o u s  Tr i ton  W R  1339 
filled lysosomes  con ta in  colloidal iron stain on the  inside of  the b o u n d i n g  m e m b r a n e .  (50000 × ). 

Fig. 8. Fragllacnls of  Tr i ton  W R  1339 filled lysosomes  after digest ion with neuranainidasc.  Colloidal  
iron s ta ining,  control  to Figs 6, 7, 9 and  10. Exposu re  to col loidal  iron slain r emains  inefl'cctive 
with lysosomal  f ragments  (asterisks).  (64000 × ). 

Figs. 9 and 10. High power  electron mic rographs  of  Tr i ton  W R  1339 filled lysosomes .  Fig. 9. 
Isolated 24 h after Tr i ton  injection. Fig. 10. Isolated 72 h after  Tr i ton  injection. Prepara t ion  as in 
Fig. 6. The  colloidal iron stain is located p redominan t ly  on the inner  side of  the bo tmding  m e n >  
brahe  and also a long m e m b r a n e  f r agmen t s  within the inter ior  of  Tr i ton  filled lysosomes.  (94000 x ). 
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t reatment of  these membranes is the only means found to influence this binding 
behaviour, sialic acid is the most probable candidate for these groups. Colloidal iron 
staining of  these groups could be unambiguously distinguished from ferritin particles 
which are known to occur in normal (Noxikofl "-'7) and in Tri ton WR 1339 lillcd rat 
live," lysosomes (Wattiaux el a,/. I e). Inhibition of  the staining reaction by neuranninidasc 
prelreatment and lack of  staining on contaminat ing initochondria support the spc- 
cilicily of  tile reaction (Figs 6 8). 

As to the significance of these icsults IWO considerations sl!,.:,uld be discussed. 
Firstly the inside localization ofsialic acid in secondary [ysosollles could arise from the 
interiorization of  the plasma membrane during the pinocylotic process. Combining 
Ihe spray-freeze etching technique s° with high resolution shadow-casting s~ as well its 
by gel chromatography  it was found that Triton WR 1339 contains a polymer with 
85 ,~ diameter  and with a molecular weight of approximately I000(]0 which can bc 
taken up by pinocytosis O,1ty 1°'11 Benedetti and Emmelot ea showed the outside 
localization of  sialic acid on ,:.tl live, plasma membranes. Howe\er .  no pH dependent 
binding of lysosornal enzymes to isolated plasma membranes could be obscrxcd. 

Secondly an inlralysosornal accumulation of nondif['usible anions could be of 
biological importance in building up ~.t Doilnarl equilibrium which lead~, to inlnl- 
l y sosoma laccumula t i ono l  cations such as K and H . T h i s \ ~ o u l d  p r o \ i d e a  simple 
means to maintain a..Ul acid milieu within lysosomes ab a l lead\  mentioned b \  (olTey 
and de Duve {'. An acid milieu is a prerequisite for tile catalytic activity of most oIt t le  
lysosomal enzymes. Since interiorization of sialic acid occurs during endoc\tosis ,  tile 
acid nlilieu would arise tit the nlO,llenl of fusion between hetcrophagosomes (x~hosc 
bounding membrane is derived from the plasma membrane) and primary Ivso>omes. 
In this regard pinocytosis could fullill two casks, the transporl of  exogenous material 
as well as the activation of  [ysoso,llal Cll/ylllCS b \  the generation of  an acid milieu 
within lysosomes. Such temporal  changes in ptt within phagocytic vaLuoles o1 poly- 
morphonuclear  leucocytes have been observed rccenll\' b \  .lensen and Bainton >'. 
These authors found a change of  colour in \'east cells stained with indicator d\es 
within minutes alter interiorization indicating a drop of  pH down to pft 3.5 4.5. 

Auxiliary mechanisms to set up such strong pH gradients must be taken into 
account.  The K ~ influx accompanying the proton influx do~n  to a pH of about 4 
would enormously increase the osmotic pressure. Either a sclcctixe proton permeabilil\  
or an energy dependent K4 'H~  exchange its postulated b \  M e g o u : a / .  ° bhould bc 
present in the lysosomul membrane. 

Finally. it should be emphasized that lysosomes lilled with Triton WR 1339 
represent a special type (telolysosomes) ~°~ among tile various lysosomal cla~ses. 
Similar studies with other types of  pure lysosomal fractions are needed to dra\\ more 
general conclusions o,1 tile importance of the resuhs presented in this study. 

ACKNOWLEDGEM ENfS 

The skillful technical assistance of  Miss Petra Eisfeller. Mrs. R. Gebhardt  and 
L. D6hle is gratefully acknowledged. 

This study was supported by the Deutsche Forschungsgemeinschaft .  
Part of  this work ~.as presented at tile Herbst tagung der Gesellschaft fi.ir 

BiologischeChemie. Erlangen. 12. 14.8.1972). 



ACIDIC GROUPS ON LYSOSOMAL MEMBRANES 75 

REFERENCES 

I De |)uve, C., Pressmall, B. C., Gianetto, R., Wattiaux, R. and Appelmans, F. {1955) Bloc~win. 
J. 604 604 617 

~ De l)u~.e, C., (1963) in Ciha fkmHdatioJl ,S.)'mpo.sioll oH l,v~'o.~ome.~" (de Reuck, A. V. S. and 
(amcron ,  M. P. eds), pp. I 23, Little Brown, Boston, Mass. 

3 SprJck, M. G. (1956) Am.  Rer. Titl~erc. Pu/#l. Dis. 74, 552-565 
4 Mandell, G. L. {1970) Proe. 5"oc. Lvp.  Bio/. Med.  134, 447 449 
5 Reijngoud D.J .  and Tager, J. M. {1973) Biochim. Biophys. Aeta  297, 174 178 
6 ('offey, J. W. and de Duve, C. (1968) J. Biol. Chem. 243, 3255-3263 
7 Dingle, ,1. T, and Barrett, A. J., (1967) Proc. R. Soc. Set. B 173, 85 93 
8 Goldstone, A., Szabo, E. and Koenig, H. {1970) Lii/i" 5"el. 9, 607-616 
9 Mego. J. 1,., Farb, R. M. and Barnes, J. (1972) Biochem. J. 128, 763 769 

10 Henning, R. (1973) HahilitalioH.~schrtTi, University of Cologne 
I I Henning, R, and Plattner, H., manuscript submitted to J. Cell  Biol. 
12 Wattiaux, R., Wibo, M. and I)audhuin, P. (|9~'~3)in Cilia FoumlalioH Symposiolt  oll L_vvo.~ome.s 

(de Rcuck, A. V. S. and Cameron, M. P., eds), pp. 176 196, Little Brown, Boston, Mass. 
13 Henning, R., Kaulen, H. D. and Stoltel, W. (1970) Hoppe ~S'ev/er's Z.  Phy~'iol. Chem. 351, 

1191 1199 
14 Henning, R., Kaulen, H. D. and Stoffel, W. (1971) Hoppe Seyler 's  Z.  PIl.w'i,d. ( 'hem. 352, 

1347 1358 
15 Lov, r3, (). H., Rosebrough, N., Farr, A. J. and Randall, R..I.  (1959), J. Bio/. Chem. 193, 

16 Appehnans, F. and de Duve, C. (1955) Biochem. J. 59, 426-433 
17 Linhardt, K. and Walter, K. (1962) in Melhoden e&r eJzzymatischen Analyse  ( Bergmeyer, H. U. 

ed.L pp. 7S3 785, VerlagChemie, Weinheim 
IS (}hlnetlo, R. and de Duve, C. (1955) Biochem. J. 59, 433 438 
19 Gasic, G. J., Berwick, L. and Sorrentino, M. (1968) Lab. Ire'est. 18, 63 71 
20 Locke, M. g|nd Krishnan, N. (1971) J. Cell Biol. 50, 550 557 
21 Warrcn, L. (1959)J. Biol. Chem. 234, 1971-1975 
22 Igarashi, M. and Hollander, V. P. (1968) J. Biol. Chem. 243, 6084-6089 
23 Slahl, P. D, and Touster, O. (1971) J. Biol. Chem. 246, 5398 5406 
24 I{enedetli, E. L. and Emmelot, P. (1968) in The Membram's' {Dalton, A. J. and Haguenau, F., 

eds). pp. 33 120, Academic Press, New York, N.Y. 
25 Venable, J. H. and Coggeshall, R. (1965) J. Cell B/ol. 25, 407-408 
26 Ains,,,~orth, S. K. and Karnovsky, M. J. (1971) J. Ifi,sloehem. Qvtoelu,m. 20, 225-229 
27 No,,ikotf, A. B. ( 1961 ), in Tlw Cel l (Brachet ,  J. and Mirsky, A. E., eds), pp. 423-488, Academic 

Press, Next. York, London 
28 Baudhuin, P., Beatlr'ay, H. and de Duve, C. (1965) J. Cel /Biol .  26, 219-243 
29 Jensen, M. S. and Bainlon, D. F. {1973) J. Cel lBio/ .  56, 379 389 
30 Bach mann, I,. and Schmitt, W. W. (1971)Proc. Nat/.  Acad. 5ei. U.S. 68, 2149 2152 
31 Bachmann, L., A bermann, R. and Zingsheim, H. P. {1969) Histochemie 20, 133-142 
32 Platmer, H., Henning, R. and Brauser, B. (1973)submitted ~o J. Cell  Biol. 


